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ABSOLUTE INFAARED INSENSITY MEASUREMENTS FOR NO, 
AND N20, 
by .. 
A. Gulien F 


Danial and Florence Guggenheim Jet Propelsion Center 
Gailfornia Institutes of Technology 
Pasadena, Callicrnia 


A. INTRODUCTION 

The qualitative features of the vibration-rotation bands of 
nitrogen dioxide and dinitrogen tetroxide in the infrared region of the 
spectrum have heen investigated by a nucaber of researchers. 10) 
Moat of the work in the past has beea concerned with information re<- 
garding molecular structure and interaction energy curves. Spectral 
locations ef band centers and individual rotational lines have been 
determined to a high degres of accuracy aad from thess, estimetes 
have been made of such quantities as raoleculas intezaction forces, 
moments of inertia, atomic epace configurations, and moiscular sises, 

The carliest infrared work on gaseous NO,-N,O, mixtures was 
performed in 1909 by Warburg and Leithauser!) whe observad two bands 
yelanging to NO, (3.43, 6.12}+) and ona belonging to N,O, (5.70). ). 
Mere extsnsive research on these gases was conducted during the 
following yoar by Eva von Bahr) with studies on the lafluence of 
proseurisation with « fozveign gas (G3) on the amount of absorption of 
the came banda obsexvad by Warburg and Leithauassr. Nitrogen diacide 
pressures zanged from 26 to 36 mm, ‘while oxygen pressurisation was 
varied batwaen 50 mm and ons atmonphere. For the 6.1-/) band, the 
percentage of absorption at 30 mm of NO, changed {rem 25.5 without 
pressusization to 43.4 at one atmoephare of oxygen. Above this 


praesura, tha absorption remained asarly constant. Similar casulia, 
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though with s contewhat weaker pressur> capendenca, were found for 
the 5.7} band of N,O,. 


Observations of the NO, apsctorm, aa woll as those of other 


{3} 
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, gases, in tke tar infrared 129-482) were taported by Strong and Woo 
in 1932, but no xeal effort was made te identify the varicus dando. 
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| 
The first extensive investigation of the infrarsd apectxum of the | 
NO-NO, systen at yaricus temperatures was psrformed by Suther- | 
land‘#? tn 1933. Eleven of the twelve fundamantals of dinitrogen é 
tetroxids were identified along with three combinstion sands. in additior. | 
seven nitrogen dioxide bands were reporisd. Yurthsr ctudies on these | 
gaces were performed in 1933 by Bailey and Cassie! i who obtained the 
N-O farce constant, deformation constant, and moment of incrtia. Ia 
: the same yoar, Schattext’®) reported eight absorption bands in the 
gaseous state and two in the liquid state. He separated ths bards be- 
longing to NO, from those belonging to N,9, by the usual techulque of i 
besting the gas to 150°C where moet of the gas decomposes to NO, (aes 1 
Section Gj. hss | 
One of the most completes early studies of both gasea was raportet | 


by Harris and King!?? in 1934. These authors were the first to give an 
i 


upper limit estimate of 0.0093 cm” wat”! for the absorption coaificiant 


in the infrared region below 2 microns, Abdsdézption spectra between one 


ty 


and four micvone were favestigated thoroughly at reem temperatese and 
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at 189°C. The NO, banda were identifiad 24 combination bands of two 


=e 


fundamentals while the N,O, bands wore interpreted av comzinations and 


harmonics of knewn fundamensale. The bands obsarved by these authors 
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; were compared with thoxe noted previously by other workers. 
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In more recent studies, refinements were Introduced by ssing 
{wotopic species and superior instruments, Moore(® in 1953 observed 
nine combination bands and overtones belonging to NO, with sufficientiy 
high resolving power to yield the rotational fixe structure, Some of his 
yasuits 2re presented in Table 1, Good agreement concerning the 


locations of the wee 


Q, bands in the near infrared is found between the 
results obtained by Snyder and Hisateune!?) in 1957 and by Begum and 
Fletcher!) in 1956. Salected results from Begum and Fletcher are also 
cited in Table 1. An infrared absorption spectrum of the gaseous mix- 


turs containing NO, and N50 4 is reproduced in Fig, 1. 


a 
& = 
wt - 
* - 
* Hs 
rs ane are aide "4 
* 
8 
5 3 
a : ar 
ez bead Fad = 4 06 aaa Lad bed os = 
=}. 


Wave number {cm 7} 


Fig. 1. Spectrum of gaseous NO,- 20 4 mixtures at preesures of 
approximately 40 cm and 2 cm of Hg, at 23°C in a 1G-cm 


py7«s cell {from Ref, 9). 
Trore is a definite need for information en abeolute intensities of 
NO, and N,Q, bands in connection with studies on radient-hex: transfer 
and soncentration analysis. in particular, there ls considerable Interest 


in atmospheric tranamission cf radiant energy. In addition to co, and 


HA9, under certain conditions (a,g., after a nuclear bomb blast) there I 
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may also ba significant amounts uf NO, In the atnosphere. Quantitative 
information in the faxca of spectral absesption confficiants and integrated 
intenaitiza le eszential fox this typs of study. A considerable numbsr of 
sete inonat roaults acs avallahle for CO, and some for #1,0. To the 
author's knowladge, no atudjes of a quantitative nature on NO, and N39, 
have appeared in the open Hteratu:s. Theca is alao continuing funda~ 
mestal interes? In absolute intuusity data since they may be used to 
estimate the rats of change of dipole mocent with {utsrnuclear separation. 
In our experiments, integrated intensities were obtained for ons 
fcadamental and ane cermbination band of NO,. and for three fenda- 
menstals and four combination bands of gaseous N,O,; integrated in- 
tensities were also measured for the four combination bands of N40 4 
in the liquid phase. The work was performed in the spectral region 
between one and 15 microna. Intensities for N,O, moleculas in tha liquid 
and gas phases were compared ard found tc &: nearly aqual for three af the 
four bands atudied. From the temperatere dependance of absorption in 
the region of the NO, and N30, bands, the heat of dissaciation for the 
reaction NO re eno, was calculated and found tc agrea satisfactorily 


with previous msasuraments based on other techniques 


B. EXPZRIMENTAL METHOD 
i. Definitions 

For & gaa at thermal equillorium. a spectial dbudeofiaa 
cosHicient FP is defined such that the emitted radiancy, in the wave 


mimber vange bolwaen ow and wt du, from the center of thes basa of « 
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hemisphere of radius A , filled with isothermal gae at pressure nm, ie 


R du + 2? 2 [loses -P ph: Jee a 
where Re reprouenie the blackbody radiancy at the wave number wo in 
any convenient set of units. and p§ is known 20 the optical depth. It ts 
cunvenieni to express pressure in atrauspherss and the geometric length 
in cantimeters, thus leaving ¥ , in the unita ato em! 

The factor in brackets on the right-hand sida of Eq. {1} is 
known as the (hemispherical: spectral emissivity a4, at therossl 
equilibrium, is equal to the spectra! absorptivity. The spectral Mux 
density * incident on a column of gas of length # at the presaure p will 
be attenuated by a factor exp!-P pd} in passing through the gas. 

Foz a liquid absorber it le convenient to define a linear absorplion 


coefficient through Beer's law, 
i, 
> Sd exp -& 1), (2) 
td 


where I and 1° refer to the transmitted and incident spectral flus 


densities, resp.ctively, and 3 12 the geometric iength of the absorbing 
a 


path; kis sow expressed in cm 
We dafine ine integrated intensity a fin em *-atm™4y, for a band 


located between the wave nambs<s w and w,, by 


ce f Pde €3) 
e 


fe 


for the yae phana; for thea Uquid phase we datine the integrated intenaity 


a' sin em“4s alinilasly as 


a' 4 i k, dw : (4) 
“1 
Because of inatrumental Hemitations, it ia not genarally poasidle te 
pecforca experimental measurements without slit distortions We defire 
an instrumental sHt function g{ [csnea’ [,b, c'} for the effective spectral 
width of the exit alit betwsen w-dw* and wtAu*, Here w represents the 
actual setting of the inatrument while b' and c' are parameters dependent 
upon the slit geometry. The slit function gives the fraction of energy at 
the wave number w' to which tha detector responds when the inetrument 
is set atw. The apparent spectral flux density a sensed by tha instrn- 


ment when it ia set at wie then 


whut 
f 1 gf [as-u'| eb',¢'}du’, {5) 
w- 8% 


a 
q, 


where the normalization condition 


ort Aw 
gi [usu | bi sctidu 2] 
w= Aut a ae 
haide, Representative slit functions are triangular for priem instruments 


and Gauasian for grating instruments. 


2. Tho Wilaon- Watla-PDonnare Webs iP) Method z 
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Experimental cata f-om a series of absorption spectra were 
interpreted ia accordance ah M pW? taetiod ancien: Sed By Pemiér: sa 

Brisfly, the method entails the smearing out of the rotational fine 
structure of a vibration-rotation baad by means of sufficient pressure 
broadening to yield a line half-width which ls considerably graater than 
the spacing between lines. This may b2 accomplished either by main- 
taining a sufficiently high pressure of the absorbing gas (self broadening) 
or sise by pressurizing with a forsiga, non-absorbing gas (foreign-gas 
broadening}. With the fine structure smeared out in this manner, it is 
no longer necessary to resolve details of an individual rotaticnal ne and 
hence one may use relatively low-resolution instruments for making 
quantitative measurements. 

The integrated intensity is obtained by defining a quantity & which 
equais the integral of the natural logarithm of the ratio of incident 
appazent spectral flux density bl * to the transmitted apparent spectral 
flux deasity Y and then determining the slop: of a plot showing G ana 
function of the optical depth X = ph . 

Using previousiy specified notation, 


wtaa* 
“2 4,0,a 2 | f Uy at [enw |. be, etd 
a. f hfs Jone f Se a a (8) 
% sd “ f Hy Janes] sb! 6d! 
w~ Lua? 


Since 1, = a expieP, .X.. it folluwa, if the incident spect~al flux density 
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22 e J 22d du, (8) 
6, wtAw? 
| exp(-P__x;| a! Lu-w'| »o',c'dw' 
w~Sw* ? 


At this point we intsoduce the requirement that the fine structure of the 
band is sufficiently smeared out to permit P,, to be considsred constant 
over the wave number range of the effective slit width 240%, With this 
assumption, itis ceadily snen thet the terms of Eq. (6) containing the 
slit function cancel out and that 


“2 


4p. [ P du ma. <— (9) 
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Equation (9) ia the desizad .elation which has bean unel in interpreting 


the expe rimental resuite. 
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©. PROPERTIES OF NO 2 Mia 11,0, 

Below -10°C, dinitrogen tetroxide axlats as a crystalline solid, 
while {rom -10 to 21:44°C and at one atmosphare of pressure it {6 4 
nearly colorless liquid Careful meaauremenia of vapor pressuts as & 
function of temperature have bean published previously 13) ang 
selected results are raproduced ia Fig. 2. These Measurements were 
conducted ina stainless etee! cell immscsed in an iaothermal bath. A 
apectaily-designed preasure aonsor was used. Vapor pressures were 
obtained at intervals of approxiimaisiy 30° with a precision of better 
than one percent, 

Because of ite relatively high boiling point, N30, may be excluded 
fram portions of the gas-handling system quite effectively with a liquid- 
nitrogen trap. 

in the gassous state, nilrogaa dioxide and dinitrogen tetroxide 
exiat in chemical equifibriun according to tae relation 

N,0,===ZNO, : 


Extengive rneasuremants of the equilibrium consiant K, at temperatures 
ranging from 281.92 to 403. 93° were performed by Bodenstein and 
Bolin; 145 reievant data for K, ars plotted as a function of temperature 
in Fig. 3. At room temperature and one atmosphere preasuce the 
fraction of NO, decomposed is 0. 3t. 

The decomposition of N,0, procesda at a very tapid rate. 
Carrington and Davideon'!?! estimated the dissociation rata constant to 


1 


be ky « iol@ axpt-4l, 000/RT) sec” in the presence af a foreign gas (N,) 
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2.6 2.8 3.0 3.2 
+ x 10° (°K 74) 


Fig. 2. The vapor pressuve of nitrogen dioxide a9 a function of 
temperature (from Ref, 13). 
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at prassutes couniderauly higher thaa one atiauspieze. Undar these 
conditions, cheawees uqulidelum is attained in times of the order of 
microsse onda : 

Above 400°K, NO, dissociates extensively into NO acct M55 ia order 
to avoid this ducomparzition, we have not performed any expeximcasts at 
temperatures abuve about 400° 

Giauque and Kemp"! ropoaad ihe following equation of state, 
which they found compatible with the data presented by Bodenstein and 


pv | + | Rr + fn Puo ty of pRT, (10) 
"NO," "NO, NO,/NO,* "N,0,"N,O, 


where they assumed 


) = 2p =p (ii) 
N,0, NO, 
and, using Bezthelot's equation of state, found 
294)? 
p 2 «0.01 “|r . (12) 


Associated with the gan mi::ture containing NO 2 2a N2°O, isa 


characte-letic brown color which becomes deeper as ths temperature is 


raised, This color resulta from continuum absorption in the visible 
region of the spectrum by NO, Binitrogen tetroxide is transparent in 
the visible region. As the temperature is rained, the equilibrium com- 
position shifts toward NO, resulting in deapening of the brown color. 
Similar rcauits occur as a ronult of shifts in equilibrium compesition 
with total pressuve. in preliminary studies, we utilized tho visible 
absorption of NO, ict the purpose of gae analysia with photoeloctric 
recording of the abaorption {a00 Sectioa E). 
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Nitrogen dioxide is highly raactive with many substances and is 
uxtremely toxic. Exposure of the gas to small traces of moistare will 


result in the formation of nitric acid with subsaquent corrosion of ex- 


posed metazia. Rubber gaskets and O-rings are attacked, as are also 


most organic greases used for sealing purposes. Work done in the past 


of the corrosion problems The experiments reported in the following 
sections were conducted at pressures which are too high for the use of 


was conducted entiruly with glaas apparatus in orde< to eliminate some | = 
giass apparatus and hence metaliic containers bad to be used. 


D. EXPERIMENTAL APPARATUS” 
' i. cal System 
. Aa overall view of tha axpacirsental apparatus appears in Fig. 4. 
Situated at the left of ths figure is the control board on which is mounted 


the pressure gage used for measuring gas pressure in the absorption | 


ceil. Also mounted on this board are a thermocouple selector, the main 

; awitch box for the elactric furnace, fuses, and an ammeter for measur- 

| ing the current through the beating coils. The ammeter and voitmater 

for the light source are mounted on the tabie at the extreme left; also 
located on this table are a thermostatic control unit and a thermocouple 
mote oe potentiometer. The 2-ft diameter by $-ft long vacuum tank, which may 

| be seen at the center of the photograph, contains the absorption celi, light 


source, merhanical chopper, and associated optics. Directly in front 


. The apparatus used in the present studies is a modified version cf 
equipment first assembled by D. Weber and subsequently improved 


by U. P. Oppanhaim. 
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: Fig. 4. Overall view of the apparatus; the vacuum tank in the center 
contains the absorption celi and light source with associated . 
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; Fig. $. Internal view of the vacuum tank; the cocling colle seen at the 
center ee the electric furnace whick contains the absorp. 
tion cell, 
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of the tank ja located a Cu-kin-Eliner Model 93 apectsumetor with a 


l3-cycle amplitior. A Loeds and Northrup Spasdumax Typo G recorder 
_ ds seen to tba. ight uf tae aractrumeter. 
Figure 5 depicts ths into.nal components of the vacuum tank, 
while Fig. 6 shows a schematic diagram of the equipment. Light from 
a giobar scurce, after being chopped by a I3<cycle chopper and 
collimated by a epberical mirrez iM} ix passed through the absorption 
| cell located in an electric furnace, and then deflected by a plane mirror 
| (M,) onto an off-axis paiabolic mirror tM) which focuses the beam on 
{ the entrance slit of the infrared spectrometer. The light beam leaves the 
vacuum tank through e 2-inch diameter by 1/4-inch thick sodium 
: chloride window. . 
Ae infrared light source we uzed a water-cocled globar which 
consists of a silicon carbide rod sevaral centimeters long and about 6 
mm in diameter. It is very nearly a greybody with an cmissivity of 
about 0.89 in the regicen from 1.3 to 15 microns;{t@ it is electrically 
heated in air with a cucrent of about 5 a.nps to a maximum temperature 
of 1400°K, At 1400°K, the peak emitted radiant ene: gy Hes near 2 
raicrons, Heating of the globar to higher temperatuces will cauns sx~ 
cessive oxidation of the silicon carbide and evaporation of the bindlag 
material The rulatively low: usoful opsrating temperature ofthe Globar 
ie ite chief disadvantage, For stable radiation output, the globaz re- 


eo Abb a FH 


Quives a weli-raguizted current. When tae voltage wae provided through 3 


a vactac wklen received ite iuput from a Sola conatant-voltage trans~ 


OS MMH en, 


fersser, the radtation ouput varied in an ivreguiar manner. Good 


atability wae obtained when a number of 16-25 Amperits huilaai lubes 
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was put in series -with the gloas (nee Fig. Ti Tar ballast tubsas kapt 


the current constant over @ wide range of (input voltager =A variable 
shunt 1c10%2 ths glovar was uscd to change the source temperature. fhe 
total currcat was kepi constant while the globar current was ssf at eny 
desizable ieval. 

The radiant flux was modulated at 13 cycles/sacond with a standard 
Perkin-Elmer choppsrv. The chopper assembly with its rectifying 
contacts waa placed in the vacuum tank at a skort distance from the light 
source. A shutter, which was operated from outsides the vacuum 
chamber, could be raised inte the beam in a position betwean the light 
sousce and the chopper. 

Aite: Jispatsing the light by m2ans of a lithium fluoride (LiF) 
priem, it was recelved by a the-=mocouple dstectcr located in the 
spectrometcr, and the resulting electrical signal was amplified by a 
13-cycle, Perkin-Elmer model 13 amplifier which was electrically 
coupled with the rectifying points of the light chopper to prevent ampli- 
fication of any light other than that waich passed through the chopper. 

Standard procedures were usad to calibiate the monochromator 
with the LiF prism. In addition toa known atmospheric absorption linea, 
we used some CO rotational lines nzar 4.5 microns. The resulting pict 

of ixetrament drum reading against wavelength is showa in Fig: 6. 

‘ syylifier output wae recorded on logarithmic chart paper Ne. 

$73 avaplied by Technical Charts Incorporated. The lakor of data re- . 


rik sicw wae theraby considerably raduced. 
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4. Tonsparature Measucecont and Contsol 
The absorption cell ‘var sliusted ina closely fitting electric 


furnace of cylindrical sbape which was 61 em long, 7 6 em in diameter 


ard wound with 20 gauge nichcusas wire. The furnace was surrounded by 


a cylindrical shieldof zirconiun: oxide which was provided with a water- 


" cooled jacket. A maximum current of 10 amps was passed through the 


heating cuilz from a 220-volt A.C, source controlled by a variac. The 
wail temperature of the absorption call waa monitored by two chromel- 
alumel thermocouplas which were firmly secured to ths cell wall by 
spring clamps (see Fig. 16) o> by a bolt and washer. The output of one 
thermocouple was fed into 2 Leeds and Northrup Speedomax Type H 
temperature control unit which controlled the main heating circuit and 
provided a continusus temperature record. The othar thermocouple was 
used to obtain more accurate readings of ternperature from a Leeds and . : 
Northrup No. 8657-C Doubl2 Range Potentiornster Indicator. With a 
capability of reading thermocouple output to #. 01 mV, temperatures 

were obtained with an accuracy of & 0.1°C. The actual ges temperature, 
however, was not established {9 this accuracy, since conditions could not 
be maintained absolutely constant during the 20 minutes that it took to 
acen the apectrum. Because the cell was situated in @ vacuum and the 
tomperat res involved were relatively low, the heat lossae to the sur- 
rounding were quite small and the temperatura could be maintained 
constaat withla * 0. 8°C during any given rua, This reeult was established 
by continuous monitoring with the potentlometer. Isothermal conditions 


wore tery nearly maintained in the call because of the very large ratio 


of thermal conductivity inalde the ceil walta to that of the surroundlags 


+ no OH 


xo 


3. Gas and Jiquid Suppl and Handling 
For solf-broadening expariments, coniunercial grade NO, with 


a minimum purity of 99% was obtainad from the Matheson Company and 
used without Carthue Surifications: An examination of the infrared 
spectrum indicated no significant impurities, It ahould ba noted that 
impurities such aa homonuctees diatomic moliscules (e.g.. M,, O,) are 
infrared-inactivs and would not produce impusity absorption. The 
commercial cylinder used contained 10 pounds of liquid N,9 . 

Fereign-gua broadening was accomplished with an NO, -argon 
mixture containing about 1.5% NO, and supplied by the Matheson Company. 
The argon in this mixture had a nominal purity of 99.998%. 

The infsared cell with asaociated apparatus used for self-broadening 
experiments is illustrated in Fig, 9 and shewn schematicaily in Fig. 10. 
In order to minimize chamical attack, all metallic parts wers made of 
stainless steel and teflon O-rings were uaed for ssals. The cell was 
designed to accommodate spacers ranging in thickness from 0.001 inch 
to several inches. One-inch diameter by 1/4-inch thick sapphire (Al,0,) 
windows were used for the spectral rogion from one to five microns. The 
needle valve at the left of Fig. 10 served to fatraducs Hquid N,O, into 
the base of the annular space surrounding the windows (see filling detailis 
below}. At a given temperatuce, the previously measured vapor. pressure 
(eee Fig. 2) was ulilinad, and the optical depth was varied by introducing 
a series of apacers of varying thickness. With tas liquid-vaper equili- 
brium thua established, problems of sucface adsocptton ware completely 


eliminated. 
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During tte as rly pacts of the eerpatbr uaa flowed nnapected that. 
wilt tins Meal dbo abed aa the ouedag atl, ore of if ought enter the space 
, Retevyan Js: rts ottere tales fora of araall dcugleta ov as a thin 
surface film ‘The tiguid vould prodwes mach ge cates abse cption by the 
1,0, bands than the vager. ta o:der to d-tsrmine ie extent of falelfi- 
cation of data by Hqisid ,9,, “sa placed the Uquid ina chamber separated 


from the wraia ret! by a coil of 1/4-tach tebing filled with tigntly~-packed 


giaas wool and a tafion pivg with a pinhole at ite renter {see Fig. 10). 


This devics secved to prevant any liquia N,0O 4 fsom eatering into the 


Met 


ab.o;:ptica cell while permitting the vapor to pass. A check of the porous 


filter with about 39 atra of nit: ogoa at ene end showed a vary sudstantial 


AW 


pressure drop acrass the filisr, thus making it appez: valikaly that any 


liquid could pass under the conditions encountered in the experiments. 
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Comparison of gaseous absorgtion specics with the liquid in the two 


PRA Ee Llyn Gee 
" 
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alteznate positions showed ao significant 2iferences. 


The needle valve at the right of Fig. 16 served to isolate the quid 


en eee 


l : reservoir for purposes of changiag the space ia the absorption cell. ; 
Two thermocouples were firmly attached to the liquid reservoir by means 
of ap~ing clamps soldzred to the wall. 
Preliminary studice Inveiving fornign-gas b-vudening ware per- 
formed ia the cell abown in Fig. U.. Thin ceil had a fixed leagth and was 
deaigaed with two ideas in mind, namely. to assure presaurs tightarea 


sud minimize eclective au faces adsorgtion Both of thas fastere would 


far 


aude 


. lead to errors in the 2zeaumed con entrations of NO, dusting the course ef 


eee et Lt a 


& cua. The amount of adsorption depends Nova ely on the aurface ares 
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Fig. UU. Groen-sectional view of the iafrarcd cell assembly used to 


ot. ain foroign-gae breadentng (drawn ta double scale). 
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eapoend to the gas. We have therefore tried to minimise the internal 


eurlace sone by ealimtiating al! unnecessary apacere inalde the cell. 


_{ssteand, the O-ring shoulders wers used directly for spacing the one-inch 


quameter by t/4-Inch thick sapphire windows at a diatance of 3.81 ¢m 
apart. Chemical atisck of the walls wae minimized by the use of 304 
stainless stea! and tefion O-ringe. Gas leakage was prevented by the 
use of double O-ring seals, one on each aide of the window. The cell 
waz found to hoid 508 pal of gas for over a week with no detectable. 
préssure losa. Selective surface adsorption was, however, found to be 
excessive (see Section =}. 

Evacuation of the system was accomplished with a CEC Type 
MCF -66 oi: diffusion purap backed up by a Kinney Model KC-8 mechanical 
pump 2s shown in Fig. 12. Gasee containing NO, were first paseed 
through a liquid-nitrogen trap to avoid contamination of the pump oil. 
The pressure waa read on a CEC Pirani vacuum gage with 909-2006 and 


0-50 micron scales. The entire gas-handling system could be evacuated 


te lesa than ie73 mm of pressure, with a leak rate of about 1074 mm/ 


minute. The tank coutaining the optical aystem was evacuated to a 
pressure of 50 x 107? min with a negligible leak rate. In addition, the 
tank was fluched several mes with H.P, dry nitrogen in order to 
ciimiaate the infsrared-astive impurities in che relatively long (several 
wwetarz} geornatric path length of the tight beam. Cuitside the taak, the 
optical path wae algo pu ged of undesired Ecapurities by coatinucus 
flushing with dry nitrogen of tha monuchremator and of a shart tubs 


leading from the roonochromator allt to the oxit windew of the tank. 
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Standard 304 stainteen atest, 1/4-inch tubleg with fiance fittings 


a 


was utlliued for all lines carrying nitrogen dioxide; for vacuum fines \. 


4 used standard 1/2-inch copper tubing whi. wae soft-soldered at ail 
joints Stateteas steel Circle Seal plug valves were found tu be best * i 
suited for systems aubjacted to both high pressuve and vacuum. Where 
metezing or throitiiag of tha gas wan roquired, standard nesdls valves 


wers used. 


Liquid NO 4 was transfecred {rom 2 commercial cyiiadas to the 


adsorption cell reservoir by gravity feed. Wo found condensation 


3 techniques to be much too slow and inefficiesat in transferring cevetal 
grams of N,O,. even when the condensing surface waa at dry-ice 
temperatures. The filling arrangement is shown in Fig- 12. The quid 
N,O, cylinder wae positioned, with its valve pointiag toward the gxound, 
at the highest point in the system while the absorption cell wae attached 


2 


ts the syaterm in euch «2 manner that the liguid resesvoir would occupy 


"ara cs ti 


the lowest point. The entire eystem up to the main cylinder valve was 


= men of Hg. With the vacuum-valve shut, 


then evacuated tc leas than if 
NO, wae forced into the cell by gravily until tae liquid Level could be 

. seen through the cell windows. Exceso liquid was pumped out to clear 
the window area. The cell was then leciated by cneans of 2 ncedie valve 


and removed from the filling position. Cell waights ware measured 


Zz * 
: : before and after filling to determine the quantity of liquid transferred. 
Z e ‘ E. PRELIMINARY STUDIES 
5 x Initial experiments were performed with foreign-gas broadsaing. 
i fe z using argea aa 4 preaauriaing agert. The optical depth wan variad ty : 
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changing the NO, -N,O, cuncantcation in gas mixturse at total pressurea 
of about 30 atm. 

Itmag hoped that selective aacface adsorstion wuld be unimportant. — 

For analytical purposes, we designed aad constructed 4 double-beam, 
photoelectric gas analyzer in order to measnre NO, concentrations of 
gas samples dravm frem the main appazatus before ard after exch run. 
The instrument vas similat to a single-bearn device dea: ribed previously 
by Smith, 18) 

Figures 13 ant 14 illuetrate the gas analyzer. The light source 
consisted of an air-cooled, $00 watt, tengsten-filament, G-E. projector 
lamp, masked of{ te approximata a point source. After passing the light 
through a 2.45-mm Coraing glase filter (No. 3347), it was split inte two 
veams by a plane mirror (M,). One of these beams was deflected by 
anothe> plane mirror {M,) to a collimating lens {L,). The beam diameter 
wes then adjusted to that of the absorption tube by an iris-shutter 
assembly taken from acamera. The glass absorption tubes were 5é. 5 
em leng between the inside edges of the pyrex windows, which were 
cemented to the tubes with Epibcad zesin. The light beam emerging 
from the absorption tube was condensed by the icns L, and thea deflected 
with a plane mir ‘er {M,) cate a 1P37 phatetube whose output wae recd 
on a Simpson VTVM (eve Figo 13 far ciscult diagram). The otter beem 
fallowed a paralicl path. 

The analyser was capskle of meansring partis] gresures of NO,~- 
6,0, mixtures at reem temperature dowa te pressures of several 
millimeters ef mercury. With « tetal pressure of about one atmespheora 
in the absccption tube, it wae pusalible to analyse concentrations of ieas 
‘yan 6 1%. 
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-- Fig. 13. Schematic diagram of the deuble-beam, photeelectric gae 
analyser for mesesuring HO, concentrations; MM, My. M,: 


plane mirrors; L,: collimating lens; L,: condensing lens. 


Wha 


x z. Fig. 14, Internal view of the gas analyser showing absorption tubes 
a = . and optical path. : z 
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The phototube linrscity wae chacked by reading successtvely each te 
: beam intenalty separately ‘tais was acco.mplishod by using the shutter 
axvangewert), tren supsrimasuing hoth beaus cathe senw peviion of 
the photezube plate, and flaally making another reading of the inteasity. 
In particular, the intensity of each of the beams wee adjusted with the 
irises to read 0.5 volts; with both shutters open, the reading obtained 
= war 3 995 volts, which is 0 5% off linearity 
; We calibrated tha inatrumert by two diffezent procedures. One 
mathod involved a volumetric chemical analyzis performed on mixture 
samples draws from the standacd NCG,-szgon mixture; in the other 
methed we measured the p:essurens of pute NO,-! 24 samples with a 
; dibutyl phthalate manometer. Ths calibration cusve provided us with a 
plot of the pertial praseures of NO,-N 2% mixtures as a function of the 
: percentage of trznamission through the gas in the tube. 
A series of experiments was parformed at room tampurature 


ttilising this method of gas analyeis bafore and after each rus. Un- 


fortunately, we found that the NO, concentrations at the end of a run 


were considerably lows? than the initial concentrations, indicating eignifi- 


| 
| 
cant adsorption ducing the course af the experiment. For example, ; | 
during one teat, the percentage of transmission changed from 2a initial | 

| 


value of 24h to a final value Of35%, Which corresponds to an apparent 


decruags in the partial pressure in the sample gas from 1S to 9 mm at : | 


a total pressure of 730 mm. Thus vartations of approximately a factor i 


of 2 eceurred In the gas composition during « given run. Integrated 


inteneities obtained by this procedure, utilising only ths final analysis 
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af aach tent, differad from “beat estimates” (aca below? by <pproxl- 


mately a lactor of two. 

F. OPERATING PROCEDURE FUR SEL: -BROAUEN (ING EXPERIMENTS 
1. An appropriate spacer was selezted and the absorption cell 
assembled and peusaure tested wii: about 30 atm of N, for approximately 

24 hra. The empty cell was then weighad. 

2. Liquid-¥,0, was adniltted to the cell. Calculations showed 
that approximately 2 grams was sufficient to yield the intended highest 
vapor pressure (19. £ atm) without consuming all of the liquid in the cell 
reservoir. 

3. The call was next isolated and removed from the filiing 
station, and, after weighing, was placed at the center ef the electric 
farnace ir s position such that the light beam could pass through th. 
cell windows, Thermocouples were attached with apring clamgs. 

4. After aligning the mirrors, the vacuum tank was closed and 
evacuated to about 50x 107° mm, flushed with K.P. dry nitrogen, and 

reavacuaied. The spectzum of the light source was recorded and cos 
tinuously examined in the region of atmospheric absorption. The 2.7 
microa band of H,O and the 4 3 micron band of CO, were gradually 
eliminated ae the optical path was purged of H,5 and CO,. respectively. 
—«S. With the shuttos placed in the light path, the amplifier was 


adjusted to give zero reading on the recorder. 

6. The monechromatcr slit width, amplifier gain and responses, 
and light source intensity were next adjusted to the desiced lavel. 

7%. The coli was then heated fo the desired tempurature. In 


additius ta tks automatic cautral in the ayatam, we found it necessary to 
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uae inaniah adjuatment of the heating current in order to melntain 


ntacly constant tsoipsrature durlag a rin. 
9 The! snamiscton apoctrum was aitematically scanned and 


ss — 


reco: ded. Durtag thy 20 minutes of chis opzzation, we moni. cred the 


cell tetnperature constantly and made approprizte adjustments. 
9. Leaving the cell unchanged, the temperatuc? was caleed to 2 
new level and step 8 repeated. 


1@ After completing a sezies of runs 2t diffe. snt temperatures, 


the cell was removed from the furnace and purged of atl NO, anc MN 9,- 


li. The entire procedure wae repeated for various spzcers. 


G. DISCUSSION OF RESULTS AND SOURCES OF ERROR 


lL. Qualitative Analysis of Spectrum 


A representative -ecord of the absovption spectrum iof a gas 
mixture contziniag NO, and N,O,) in the sear infrared is reproduced 
in Fig. 15. The temperature was 80°C with a corresponding vapor 
pressure of 19.3 atm; a spacer of 0.124 cm thickness was used. Five 
distinct bands are clearly idertifiable, two of which overlap partislty. 
Since both NO, and MLO, have banda in this regicn of the zpectrurm, 
the qucetion arises how the observed bands ave to be asaigned to the 
proper gas componert. This problem may 2e resolved zeadily by 
raising (hs temperature of a ges sample to about 150°C when moat of 
the gas bay disssctated into NO,; consequently, the N,O, bands dis- 


appear while ibe NO, k nds appear stronger. in thia manner, one may 


identify the 2508 cm”! pand as belonging to NO}, while all of the vther 


bands shown tn Fig 15 balony to NjO,. Reference to Table | shows 
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that on obama. vad band centers agree quit: vel! with those rarasured 
by othe > investigatora, ‘the vandom difference. 4 uf lesa than 12 em”! 
Tucky 20 atecacedtio tho timeted spectras cesoliiins of app.oximately 

5 cm”! obtainable with our apparatur However, the wave number 
differences betwen gaseoux and quid N 204 bard cuntera agree to 
vithin 2 «m7 with previously published esiimatea Zor the quantitativa 
work ravorted heig, we are not actually concerned with band locade.3 
except in go iar as thay serve to identify the vibrations] modes. 

The occurreacs of alight overlapping between bands ‘NO, at 
2908 cm”! and N 204 at 2562 em”) dia not Introducs serious errors 
since tess than 5% of the areas under the logit / { ) curvee correspond 
to overlapping regions. We tried to cescive thes> two baads sraphically 
by using an obvious plotting procedure on the originai records. This 
method gave an sstimated erroe in the qusntity 3 of lees than one per- 
cent as established by applying varying 2ogrecs of aztistic ekill te the 
problem and comparing the resulting values of #9. 

Twe weak impurity band4 appeaced in the apectrum Ons may be 
seen in Fig. 15 junt to the ehurt-wave nuiraber side of, and partly over- 
lapping with, the 2908 cm” band of NO,; the other band overlaps with 
the R-branch of the same band These small dipa were p:csent even 
when the absorption cell wae completely removed fram the opticel path. 
Ths strengths of the dips wexe found to be independent of tha amount ef 
atrwapheric gaa inthe path Tho undesiced dip in the P-branch was 
agaln corrected for grapnically; the effect of the other dip is diecussed 


ia Paxt 2b below. 
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The anapes of all f 7> corabla.tion bands af ve. ious optics depths 
and tompevatares ave shown in Figs. 25 to 54 of Append: I, where we 
raverplotin’ tog, (0° *3 Hy as-a firetion uf ave ournber. -Aseunming.. 
baat the rotational fine sicuctace hée been complotely smeared aut by 
pressure b-cadaning. the ordinates of these cu-ven are equal to P X/2. 303. 
The P- and R-branchas axe cleasly noilceabte in the 2908 em” 
band of NO, and the 2618 cm”! band of M,Q,, although the lattar has ite 


P-branch considerably asppressed (see Fig. 32). 


2. Ovsaotitative Analysis of Bands 
a. Gas Compoarition 


Because of tha relatively high vapor preseutes used in the ex- 
periments .up to [9.8 ates}, caal-ges effects must ba considere:i in 
caleulating the equilib: ium composition of geseous NO, and N04. The 
total pressure in each case was aseumed io be the equilibrium vapor 
preaaure af the measured temperature. 

A general expceasion fu> the aquillbzium constant at any pressure 
hea been shown'!?? se be 


® asl f Pipaey aT} ; 
as er "I | (Fl pea FI o 


whare x,” selezs te the sq:llibrium constant at sero p-sneure, v ia the 
gis volume, v, is tha eteichiomstric coe fficinnt ef th- ith epecive, ant 
the ether syrmbels Save theie coual mawaniag 

if we lat the gubecvigs § cofar te WO, aad the subscript 2 te M0, 


them * 3 and ¥,* -t Prom Eee 1 and it ¢ fablows that 
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It ia thus apparent that, assuming the validity of the squstiona of state 
presented by Giauque and Kemp, rval-gaz effects cancel ous dz calsu- 
lating the equilib:ium composition. 

The actual coroputations of partial pressures were performed by 


defining the decomposed fraction as 


P 
aa ate 
P 
whence 
2 sek Rae 
a 
K, be i ae a a4: 


For the quantity p. we used the proviously mo vatred vapo. proasure 
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of the effective baad widia at 4 kaown | omperature 

Lat du be the measured wave aumber intarval hetwren ths 
maxima of the P- and R-Ueanches of aband. Yor diatocaic or epherical 
tep polyatomic molecuies, the value for the rotational quantum num ze: 
JzJ * at which the initial tiower; state pepulation is a maximum is, 


rppro«i mately, 2 
+ kT i 
Jo: (see | oa | 15) 


‘Che pes of the R-branch: corres gonads te the rotational transitions 
Tra, while foc the P-Branch ft colacides with the frequeacy for 
the traneition J > S°-1. These tranaitions. superingossJ on the 
vibration«i transitiua, co respond to wave numbarea foc the maxima of 
the P- and R-branches oi 
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Te tesi the validity of Bq otf we apply it lc the fundamental band 
of HCL ae wbunt 566° hace Aw wae found” 9? to 5a app. oximately 
146 emt Using tiose ceantts Ea “tT: yisids + values for 3, of 1.7 
cm! whereas the exact value is known to be 10 59 cm! The dis- 
ereparcy in B. taentta .rens the fact that we have neglected vibration- 
retation interactions and that both branches of the band display rather 
flat maxisa, end hunce Ou aaot oe obtained with great accuracy. 

Applying £q 17) to the 2903 cm”! band of NO], for waich the 
measured value of Ow is abuut 20 cm! at 298°K, we find the rotational 


t 


constant fur NO, to be «bout 0 24 cm. which gives an approximate 


line spacing of 0.48 em”! Moora’® found the rotutional consfant 

B. 0 429 00.002 cm! and A -5 = 7.6246 05cm! The dis- 
crepancy betweea ons ottimate ani the value obtained from the rasults 

ef Meere are not surprising in view of the fact thai the NO, molecule is = - 
not: spherical top rn was asoumed in the darivation of Eq. (17). The 


actual Ine spacing fo- an asymmatrical meiscule is praobavly smaller 


than that predicted by Eq. <173 


the effective band width at a known tamporature. An approximaty 
relation ine the eiiective band width Aw’ ia givanin Eq (11-45) of Ref. 
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Results for ather polyatomic molecules te-g.. CO, i indicata thet 


a line spacing of tha order of SC Sem 


aeerit| give effectively co:nplets 
overlapping at total preseure2 of one to three atmosphe-es = It is 
therefore veasouadle (o assume tnet, at tae toial pressures encountersd 
in cur experiments (5 to 20 ate’. the rotetonal fine structuie was 
sufficiently emeazed out to yirid smooth functisas for the spectral 


absorption coelficients of the various bands 


e¢. Integrated Intensities 


Measurements were performed in the temperature range batween 
50 and 100°C at 10 degise intervals. Tae optical dapih was varied by 
introducing a serfes of five spacera in the absorption ceil, giving 
geometric path lengths of 0.0394. 6.6495. 6.6749. 9.106, and 0.1Z4 em, 
in Figs. 16 to 26 we bave plotted the measurcd quantity as a 


function of spacer thi-kaess at various temperatures aad corresponding 


vapor pressures. The PyEsmerce © waa ostalasd by Braphicai integration 


of the function logit 402 475% att Which was taken from the original records. 


No aignificant d-viation from Mnearity is observed In these curves. Lenet- 


anuate fits to the etpectmental points ave also shown in Figs. 16 to 20 
Mest of the cuzves corrcapanding to the N 2°74 bands pasa through the 
ovigin ur cluan to it Deviations from the origi: aveam to vary ina 


randum manner fo. thease banda tha curvet coerespanding fa the 
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2968 em”! exad at NO zr Howsvar, citglay a syetzinatic deviation fzorn 
the osigin All five curvas inutercegt tho ocdiuate at appro:imately 4 cm", 
which aquals vary asarly ths measured cuantity & for tae impurity 
absorption coinciding wiih iis R-orancis o: tais band. Since the amount ~ 
of absorptisn produced by tae impurity waa indapandsnat of the optical a 
depth of NO,, the slopes af tha fave. X cosves were net affected and 
should yield true valuss for integrated intensity. 

Integrated intensity estimates for ont NO, and four NO, combb- 
nation bands are summarized in Table 2 and their temperature depend- 
ance le shown in Fig. Zi. The linsar coited curves wera fittad to the ex- 
perimental polats by assuming that the intensities are inversely propor- 
tional to the absoluts temperature. It is seen that tha results show very 


nearly a 1/T dependence fo» ths tempsxzture range uader consideration. 


3. Composition Error Analysis 


A major source of random erroc:s -esutts from uacertainties in 
the determization of parila! pressures. Tho perarster that limite our 
experimental precision is the temyperaturs, sincs it fe the only 


measurad quantity. 
For a quantitative determination of the expected scatter In partial 
preesures ae obtained from the moasuied tamparatires, we begia vith 


Eq. (i4). From this relation it follows that 


The question of the origin of small deviations of © (rom_sere_at sero 
optical depth hes been discuzsed extensively in connsction with early 
atudies of absolute intensity measuraments. In moat of the published papers, 
deviations larger than these noted In Figs. 17 to 20 have been observac. 
Furthermore, thess daviations ars not usually accounted ior as eatis- 
factorily ae they ars in vd 16 by tha presence of lpurity abscrption 
bands ig the gae, It ls well knows to workers in the fleid that smali 
devistions of the extrapolated curves from the origin, whether thay are pro- 
duzce:i by an imparfect optical syatem involving some scattered light or by 
other effectado noi influence significantly the nwaaurad values of the 
slopes a = 2 5/dX, ; 
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and 


taus 
d 
PNO, | da , dp 
P a Pp 
NO, 
and 
dp 
N,O ee 
= 274 . i + SP 
N2% 
Substituting Eqa. (£8) ar.d ¢19; into Eqs. (20) and (é1". 
yields 
dp 
NO, dp | ice dK 
PNO, Eapp "\ea ° 
and 


respectively, 


From the data p resented in Figa. 2 and 3, we find, fox the 


temperature ringe encountered in ous experiments. 


e argh 0 046 RK; 


at, 


: t 


etal 
ee esti ateoninninttiiie 
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as 


(20) 


{21} 


(22; 


{23) 


er sa oman RA 


4 
—s 
= 
=] 
2 
3 
= 
a 
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i F- . @, | 
~ oe 0 816 °K (| 
2 ¥ 


329 8 


{levee we hove willzad the experimental condition thet (ra total present. © 
p corresponds te the vapor pretau ep ata particuls:«mpeceture 
With an esperimenial ac:tte> la tompsrature of 2 0 3°K owe thus find 
ak 
eo x 20 023 and SR 226 O18. 
p P 
where wa have approximated diffe-ential quantities by finite differences- 
Substituting thease numerical valuer into Eqs ‘22: and 123° gives 


dp 
we as 0 020 


“PN 0, 
PN.O, 


m0 O16 


Hence, we conclude that the ecattes in partial prensuces, ceeulting 


from inaccuraciss in temperature measurement of t 0 5°K, is % 2.6% 


for NO, and #1. 6% for N,9,. 


4. Light Scattering in the Spactzometer 


Short-wavelength scattering in the apectromater can be a source 
of serious error. The following precedura wae used tn demonstrate 
that Hight scattering fn the instrament wan not a sarrious source of error. 
A giaes plate of 0.2 inch thickness was inserted in the light path to the 


{ spectrometer The glass waa Cound ta tranamit about 86% at wave- 


Doe Hale ed 


imngthe Lelow 2.3% . At longer wavelengths. the cocorder indicated thit 
& vecy eroall onurgy flux about 24) reached the detector We next 
sudisimposed on ine giars an inte riersuce tilter which was completely 
cpaque to visible light up tol 74! and trenarnitied about 95% above this 
wavelyngth Above ¢.8% . the reco-der again indicated the same flux 
on the detector as was found with the ylase alone Since in tha last case 
all shozt wavelengti radiation below l 7 had baen elirainated, the 
cbserved flux must have beon cither scattered light at wavalongths 
graater than 1.7 or else a omell amount of tranamission through the 
giasa at a wavalength corresponding to the inetrument setting. As light 
source we used a Nernst glower which operaiva at 1900°K; at 1960°K, 
the peak amitted energy lies near i 54. Honce, ‘vith the interference 
filter in the light path, the energy peak and iight of ail wavelengths 
below it ern eliminated from the spectrometer. The small flux on the 
detector, therefore. is probably due to tranemission through the glass 


at a wavelength corresponding to the instrument vetting 


H QUAPTITATIVE STUDIES ON LIQUID N,0, BANDS 
1. Experimental Appaxatua 

The optical ayatermn used for measuring liquid N20 4 absorption 
wae identical with that dsacribed in Saction D. The absorption cell shown 
in Fig, 19 wae now completely filled with iiquid N20, Extreme care 
was exercised to eliminate all bubbles froin the space batween the win- 


dows, as thie would introduce scrlous errora Into the interpratation of 


experimental results, 
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Spectra were obtalrad with two apacees in the call correspandi ag 
to optical cath loagthe of 9 G127 and 0.60508 cm = The use of these thia 
Grace se crquifed measus :ments of actual spacing baowann the windows 
whan the call was subject:J to internal pressures co7responding to 
those encountered in the :apriiments. Tae actual window spacing urder 
ptessure may rhange as i result of twe possible causes: ‘e) with the 
windows supported on the periphery by O-vings, bulging out of the 
canter poxiions may be o! significance; (b) ths supporting O-rings them- 
eslves may be. sufficiently compressed to increase thz spacing appre- 
ciably. The effect of these factora at various oressures was determined 
with the aid of a dial gage indicaior capable of measuring differencen in 
porition as small as 0.0COlinch. The gage was fixed to the celi body in 
each a way that the moving rod wae in contact with and normal to tha 
outsides surface of a window. We were thus able to read the outward 
deflection of the window. enter as a function cf pressure Results in- 
dicated no detectable defiaction up to a pressure of 25 atm. At 37 atm, 
the deflection for one wirdow was 0.0013 cm, which corresponds te a 
50% increase in window separation for the 0.00508 cm apacer. We may 
conciude from these rasults that the actual apacing between windows 
during the experiments .ut a maximum preseure of 19 3 atm) corresponded 


yee rae 


to the spacer thickness. 2 


2. Reaults 
Tranemission epectra were obtained in the temperntuce cange 


fram 25 to 100°C at intervals of approximately 2C degvees. Final ra- 


eults are based on maaai.rements with the 0.00508 cm spacer. For the 


0g, 


+ nme anne nema 00 


On ia 


~54- 


8 0127 em spacer, the liquid was opaque in the <eglon of tho ateonger 


bands lawewes, reaulie for the weakoat band -3429 erar'y fallawad 


od ee Kere's law according te which the quantity (ls dieectiy scepuriiawsh len ~ 
L 
lengths t/ A 72 Swefound 4,/&, to be2 46. 2.52, and 2.48 at 


the optical peth length isee Eqa (2) and: 6,| For the ratio of path 
tempscatures uf 25. 40, and 60°C. reapactively Assuming that Bser's 
law ia valid, we may consider these results to provide an additional 
check on the actual window epacing 

Spectral adsorption ce *flicients for four Uquid-N,O, combination 
bands at vaclous temypesatuces ace plotted in Figs. 55 to 58 of Appendix 
RQ AIt bands are shifted by 6 to 17 cm”! toward the lowa: frequencies 
{see Table 1) relative to the bande observed for the ges. 

integrated iotensity estimates are summarized in Table 3 and 
plotted, per unit mage density, sa a function of temperature in Fig. 22. 
We coactude from the obse-ved cesuits that tae Integrated intensity per 
unit maee deasity is approximately conatent over the indicated tempera- 


ture range 


I. COMPARISON OF INTEGRATED INTENSITIES FOR NO, IN THE 
GASEOUS AND LIQUID STATES 
Reference tu Tabie } shows that the shifts in band locations in 
going from the gaseous to the quid state are of the order of 10 em”), 
: These reauits cuggest that the wave functions correepunding to the upper 
and lewer vibrational atetes are not greatly changed in going from tha, 
vapor te the liquid phase. Cno might therafore expect the vibrational 


matrix elements for the N 2% molecule te be approximately equal 
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in the liquid and gae phases = ‘tha integrated intennity is disectly peo- a 
re: tienal to the square of the matrix element Hence ths intensities 
ut Hauid wl gaanous ty, bride ehesid Us app-untinataly equal. tt 
exp -eaaad in the same units 

In Table 4 we cor.pare the integrated intensities exprcasacl paz 
unit masse danaity. for ihe giseous and liquid states of N,O,. Gocd 
agreement in intensities ia noted for the 2618. 2962, and 3120 crs ' 
bands. with the percentse diffecrnces at the three temperatures being 
leas than 16% For tarce of the four bands studied, the integrated in- 
tensity in the liquid phews is large> then in the vapor phase The weakest 
band (3442 em”) showe 2 pezcentage diffsrence between the istensities 
of the geer oun and Hquid states of about 50%. It should perhaps be noted 
that the absolute accuracy of intensity measurements is usually amallest 
for the weakest bands ‘ccmpace Figa. 17 to 20; it is not clear that any 
particular physical sigaificancs. in te-me of liquid structure, may 3¢ 


tached to the observed results 


3 DETERMINAT.ON OF AH? FOR THE REACTION N 20g ano, 
FROM INFRARED MEASUREMENTS 


Gre of the more inte ceating applications of expe imseatal iafrasad 
measu:ements on systems in chemical aquilibciura in the determination 
of equilibrium constants aad chemical hoate of reaction. _ Optical 


techniques would be perticulacly useful on compiicated eystame can - 


taining more than two species, fo- it is velatively easy to fallow the 


comcemraticns of each epecien by monituring the abso -ption in the region 
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fov which we have measu ed trfre.od vbea-pil a deta es 4 fun tan of 
ismpscatucc | WHR auitable assumotions these tneasareronts yield 
the vatsation of the eqaili riu.n cone! ini with lempetature. from whir 
wa obtain the heat ef c2arcien SH? oh should b+ aoted thet, in order te 
obtain these cesults if is not necessary to knaw the absolute: valucs for 
the integrated inteasities A knowledge of tisi- te.npesatucy dependence 
is eufficiunt ; 

Let us assume that fo: the -esullc presented in Figs lo to 20. 
the total preseares were sufficiently high lo st-ea~ cut the rotational 
fine structuce compictely Then, by Eq 9. p-ovided adequate broadea- 


ing bas been obtasned, 


and = 
2n,0, 
NO, '@ t etal 
24 NO, 


where ®no, and *NO, refer to any given band of NO, ard:e-similar 
nutativa le used for N 2% Now we assume that the intagratad intensities 
vary inverarly with the absolute temperature an sssumption which ls 


well Justified fu: the relailvely small tempecatuce -ange under con- 


side atiun {see Fig 2i° Thus 


es 


T 

ie 

: “NO, *w NO, ny 
and Zs, 

7; 

ny 9, “. NO, ym 


ile -e ai the vali of th: rategcatad intensity at the ternperature ty 


Substtiuting Eye 29. int? Eqs 24. yields 


ane 


2 
j%.N,0, |/°% No," 
*,. te i N,9, 


“*he facto> in Ue firet set of pe entheers of Eq (20) is a constant’ in- 
dapendeai uf temperatu-c 

- Rela once te Eq .d%: shows that in order to obtatn absolute values 
for the equilibrium cenatint it |: necessary te know the absoluts in- 
texnities at an Arbitrs y tempr-stucs T. far one band of NO, and on of 
N,9,. Absolute inteanities Isr NO, may be odtaiamt by -etablishing a 


auffici-atiy high tempe: stu-e te yteld 4 condition uf nearly « omplets 


dbaiia: tation. thas making the intal per ssdce app esionitely equal te fhe 
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tha «atu ated vape-: 


pe-abal po wacker of 120) ‘ Meigs ian stavhy tale 


‘avi:bons ef ans wape tie ute il-tn p. 7 edu oc cwilld z «quis the na: of 


*atremely hiph viper po: erurces, and was therefuce nat feanlbla with 
the avaliable equipment ots hs dly fsssible to olisn. pre NP, at 
craps nably high preseuces greatr + than one atm: inthe vepo: phase 
doweve er. one my catiruate absainte tntensilies fo N,Q, fom the 
‘quid phise vos Tahls = Oree the tntenstiics {3 two bands af any 
sebltracy teraperatu:. ace 4ete-mined, the rmorhemic sl data such a8 
SF? and 38° may be camputed {com specirescupic measusemanta by 
the uae ul Eq 20) 

The equilibrium constant for a reaction at ronatant pressare and 
tempe ratere cin be expressed in te-me of the diffe nce between the 


atandird free e1.eizizs of the p oducts and veartanta Arl-ie. 


Kyo [48] 


P 
hi -B1, 22, 
frem which it can easily be shown tht 
4 isk aH? 
— : 37. 
“R at, 
4|-] 
which ie hauws an vin i Holl's equstion The quantity SH® represcate = 


the difference in enthalpy between the products and craclants eyglua-ed 
at 8 preses ce uf ener atmusphere ind at the tempecature 7. 
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equal ta SHU]. 

me kig £4 -n have platied the Suction appeacing ob the teft-h.und 
wide of Eq, * 28! fur a apace thi-Lnerse of O hL4em We aeed the 2508 
em ! tans of NO, ia curpinction with the th.#e slroxngeat bania of N,O, 
in, Vas .eguen frantte S$ microns Cyrcettioae ve & made fu.> the 
tenpurity bond cuinciding with the 2963 cm”! band e° NO, by subtracting 
37 cer”! frum each measured value for Su ‘see Fig {6:. 

The expe rimenta} points shewn in Fig. ba yitld nicely Uneoar viots. 
tndic sting thst AR® in nes. iy consiant iv ithe specified temperature range 
east-equace fits yield values fo. AH of 14 079 12,980, and 13.160 
-al/tmole N,G,) for the curves corresponding 79 the 2618 2962, ani 
120 ern”! bands of N,O,. reepectively. Thus, we obtain  awan value of 
13, 020 # 90 cal/tmote NO, whith ia ia good ag:ezmen with the va.ue at 
298°K of 13,695 #14 val/ mole N04) ceparted by Glauque and Kemp. <16) 

The precoding ¢-autte provide ar imrortant rheck on the ecif 


cancinicacy of ous absoluic infrared intenalzy measurements 


K INTEGRATED .NTENS-T- ES FOR FUNDAMENTAL BANDS OF 
GASEOUS NO, AND N,0, IN THE 5 70 15) REG:ON 

i ica 
For the aprctral e+yion from 5 to 15 mic-ons, we used silve> 


chloride ;AgCl) windows in the absorption cel! =A S-mm Agci airdew 


tranemlits akout 80 percent ix the region from 479 éOM 26: Silys: 
chio-ide was chosen gristerity for ita enaiaicnce in cnemicas attack by 


nitragra dlexsAc;"" anethos trapy. teat coadideratioan wie the fast thal it 
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Plots uved for detovinining AU® for the seaetion N,O, = 
2Nno, from expotimental valuce of the parameters GS The 
three curvea wore obiained using the strongest N30, banda 
in the ragion from | to 5 microns 
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luen not cleave oasily ox docs modiitm chiecide, od hence will not 
crack upon belng preset against tha cell apacer (ue lig. 19° 

We aged a rocks It (NaCl: preterm far studies above 5]/t ; sodiu a 
chicetde fs zearly opaque above [5jt Standard procedures were utilized 
*o obtain a wavelength callbration of the spectromater Atmospheric 
and polystyrene bands yave calibration poinia up to about 10. In 


addition, knowa Unne belunging to the 950 cra”! fundamental band of NH, 
1 


were used For the region near ISft, we used ithe 668 em” fandamantal 
af CO 2 
Thu spsctrometer slit width was yaried in such a manner that the 
I 


fesolution for the entire spectral cange was between 5 and 10cm". 


2. Results 
St aden een 


Since the conditions fuz complete averlapping of the rotational 
lines had been studied extensively for thea work in tha nea infraeed 
tegion {lto 5). we asrumed that it waz not necessary to plot the 
parameter & as a function of uptical depth for the fundamentals in the 
5 to lS region Meanusements were made at 25°C corzesponding to 
it vepor pressure of 1.18 atm. This preasure should be sufficiently high 
to amear out the rotational fine structure, particularly since we are 
dealing with very strong bunds Only one spacer i0 0495 cm thick) was 
used. Integrated intenaitica were obtained for on+« NO, and throe N,0O, 
fundamental bande, which ara the strongest bands in the region fram $ 
to 15K. 


Light acattering in the spect:cmater was measured and corrected 


fur in the following manner. If the cptical depth is made suflicioatly high. 
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Fig 24. Eifect of acattered Hght on an abeorstion band 


canily hy nating that the tranemitted vadiancy ia canstant foc a wide 


wavenumber range near the band center, asin Fig 24ia\. Hence, 


if the trans:nitted radiancy in not sero the obse-vad flux must be 


scattered light Corrections for scattecing may be made by simply 


increasing the optical depth, without altering the light intensity, shit 
width and amplifier gain. and thea subtracting the acattered light from 
the tranemission spectrum, es in Fig. £4(b) This pracedure is easily 


accomplished in qui expe imental setup. since the optical depth may be 
raised by raising tho coll temperature. theteby inc roasing the vepor 
in thie manner, we made corrections for scattering near tha 


Lt 
pressure 


150 cm”! fundamental of N 204 The scattered light fa the vicinity of 


thio bend wae found to be about 5% of the incident light and about 30% of 


the teanamitted light at the hand maximum. In the vicinlty of the othee 


. banda, aesttosed light waa fount to be negligthly at rang 
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Table 9  Sntegreted Intensities at 25°C fue iina strongest fundamental 
bands of NO, :n-t NO, inthe apes tral -egion fromm 5 ta lt 
ric rons = 
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L. SPECTRAL ANO TOTAL. EM.35-ViTY ESTIMATES FOR NO, 


Radiant energy emission f-om the atmosphe~e of the earth is an 


important problem that is being studied accival, by a mamber of in- 


For example. the emission from OH in the upper atmos- 


vestigaturs. 
124, 25: 


phere has been estimated both expeaimentally °>! and theoretically. 
The spocies NO, in aleo believed to be prosent in the upper atmonphere. 
nithvugh nu unambiguous epectrorcopic detection hae been made no far 


In this connection, quantitative values of apecicsl absorption coufficients 


tor NO 2 from laboratory expa ‘iments are of consida-able inteeast Theae 


data should facilitate eatinnatus of the contribution by NO, to the "night 


~ t 7 
: gow ot Ue earth 6 atauapbe:e 

threo teats nbesivey Fool tyne athope sb depth yo bb = 

oA : 


‘Aated tothe absagrpt-on .oefte be wt by 


: |. '-P i, {29. 
& l-wa! Pp : 


‘n Fign 25 to 30 and Fig 59, we have ploit d log.g Wha LPF 6 for the 


strongest bands of NO, iv the -egion fram tia 15') The ordinates > 
thess curves ropresvat P pele 304 since we hava shown that, curing 
the sxpetimrnts, the rotational fine etvuctura was completely smeared 
out ses Section G. Part 2b: For tempe-atures othe” than taone for 
which measucements ace available it tsa eimply matter to estimate 
the appropriate value of the spect-al absorpiion coefficients provided 
the rofatiunal fins structure is agtia ameared out. We would expect 
that this conditten is satisfied, in good app: uximation. for toial preseuree 
greater than about one atmosphe:e in the tempotatu ¢ range in which NO, 
and NO 44re stable 

At altitudes gueate- than 100. 000 ft. the local pressure is less than 
C Of atm; undee these condiilons. the ratutional lines of NO '» AFe not 
expected to overlap appreciably Aeause of the complix band structure 
uf asymmetric paltyatemic molecules such as NO 2 if may be conven‘ent 
to use the statistical model developed by Mayer?” and Guody. 77? 
According to thin model. the mean emisnivity © fur a bind, with random- 
ly distcibured lines having the sane integrated intensity 3! and a 


resonance contour with a half-width b, in given by 


@: ieay|- a] (30) 
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‘tace Fur BX/2ah << t. the mean emuesivily reduces to 


. 3x 
ee oe - Sx at me {3ls 
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siace 2nb/ 5° fer the specified altituds = 107! 


We shall nov apply Zq. .31 to the emission from NO, in the upper 
atmosphere. Thy resulty are considerahty simplift-d by identifying 3, 


fia the usual manner, viz . 


(32) 


where Gu, la the affective band width for the ith bard Substituting %q. 


52; into Eq i3i) gives 


= 6,% 
an > <= (33: 
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All of the parameters on tar tight -hand side of Eq. ,33} hive been 
measured or can be estimated fue tae tun atrongest infra-ed bands uf 
NO,, and henca the man emisaivities ‘or these bands may be calculated 


at arbitcacy optical depth» Let us now examine undor what conditions 


‘he baste Inequality 
holds foc NO,. Replacing 5, according to Fq < 12). we obtain 


<a 


Equation (33) may ba abtained dicectly (rom Eq (£9, by aveuming that 
the emitter radiates iihe @ (eansparcent gaa - 


eaten 


oko i EI 


; a, 5. 
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144! 


Fo thy bands under conalde vation a, / dw, x10 and &, /éb, “210 at 
high aliutudes Hence we find the inequallty to be satinfied for optical 
dapiha X -< 10°" crn-atin Because af the very low concentrations of NO, 
in the upper atmoaphere this last condition may well be satisfied par- 
tivuta ts stace she NO, daw nus been observed spectroscepirally if NO 2 
constitutes legs than onc part in 19? of the atmosphere at a total pressure of 
10°* atm. then the NO, will emit like a transpa-ent gas for path lengthe 
as lung av 100 km 

For terape catures other than those at which measurements are 
available. one may ex: zapolate ¢; and Su, by using the relatinne ‘see 


Ref. i). p 322) 
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Tha caginvrering smissivity may be calculated from the relation 
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where we sum over ail bands belonging to NO, In Eq 35) the parameter 


J is the Stefan -Soltso.in constant aad ae ie the eaect-al blackbady is 
i 
radiance, eval. sted at the conter of the ith baad ro. 
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Plots of Log,,'t) se de ana Function of Wave Number for Gaseous 
NO, and 1,0 4 Combination Bards st Various Optical Depths and in 


the Temperature Range 30 to 100°C 
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